The I locus of the common bean, Phaseolus vulgaris, controls the development of four different phenotypes in response to inoculation with Bean common mosaic virus, Bean common mosaic necrosis virus, several other related potyviruses and one comovirus. We have generated a high resolution linkage map around this locus, and have aligned it with a physical map constructed with BAC clones. These clones were obtained from a library of the cv. 'Sprite' which carries the dominant allele at the I locus. We have identified a large cluster of TIR-NBS-LRR sequences associated within this locus which extends over a distance in excess of 425 Kb. Bean cultivars from the Andean or Mesoamerican gene pool that contain the dominant allele share the same haplotypes as revealed by gel blot hybridizations with a TIR probe. In contrast, beans with a recessive allele display simpler and variable haplotypes. A survey of wild accessions from Argentina to Mexico showed that this multigene family has expanded significantly during evolution and domestication.
INTRODUCTION
Molecular and genetic characterization of a number of disease resistance (R) genes has increased our understanding of not only their structure and possible mode of action, but also about their mode of evolution. Analysis of the deduced amino acid sequence of R genes has revealed structural motifs that are indicative of a role in signal transduction (Dangl and Jones, 2001;  Hammond-Kosack and Jones, 1997; Ellis and Jones, 1998) , and suggest the existence of conserved pathways used by plants to trigger defense responses (Bent, 1996; Dangl and Jones, 2001; Staskawicz et al., 2001 ). In addition, genetic and molecular analysis of R loci have shown varying degrees of complexity. For instance, in Arabidopsis thaliana the Rpm1 locus has one copy of a CC-NBS-LRR R gene in plants that are resistant to Pseudomonas syringae, but this copy is deleted in susceptible plants (Grant et al., 1995) . In flax, while the L locus comprises a single copy of a TIR-NBS-LRR R gene with approximately 13 alleles, the M locus encompasses approximately 15 copies in tandem, but only one of these is responsible for resistance to a particular race of the rust pathogen (Anderson et al., 1997) . There are six copies of a serine/threonine protein kinase sequence in the resistance allele of the Pto locus of tomato, but only five copies in the susceptible allele where the copy that confers resistance to Pseudomonas is missing (Martin et al., 2003) . Variation in copy number of R clusters, and in the rate of amino acid substitutions led Michelmore and Meyers (1999) to propose a "birth-and-death" mode of evolution for R genes, similar to that observed in vertebrate gene clusters involved in immunity responses (Nei and Hughes, 1992) , but with emphasis on divergent selection. At the population level, the co-existence of ancient resistance and susceptibility alleles has led to the rejection of the "arms-race" hypothesis for the evolution of plant-pathogen interactions in favor of a "trench-warfare" hypothesis where these alleles are maintained by a mechanism of balancing selection (Stahl et al., 1999; Van der Hoorn et al., 2002) .
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The I gene of Phaseolus vulgaris, the common bean, controls resistance to Bean common mosaic virus (BCMV), a member of the Potyviridae family. This gene is widely used in bean breeding programs throughout the world. This resistance was discovered by Corbett in 1931 (Pierce, 1934) , and later characterized by Ali (1950) as a monogenic dominant trait. A more in depth characterization conducted by Drijfhout (1978) revealed that the I gene confers temperaturedependent resistance to a group of BCMV strains (serotype B), but conditions development of systemic necrosis in the plant after infection with necrotic strains of BCMV (serotype A) at any temperature. Serotype B strains can induce systemic necrosis in I-genotypes at temperatures in excess of 30 o C, or when delivered through a graft with an infected plant. Based on serological and sequence data, serotype A strains have been reclassified as Bean common mosaic necrosis virus (BCMNV) (McKern et al., 1992; Mink and Silbernagel, 1992; Vetten et al., 1992) .
In a more recent re-examination of I-BCMV interactions, Whitmer-Collmer et al. (2000) demonstrated that the I allele is incompletely dominant. At 23 o C and in a uniform genetic background, Whitmer-Collmer et al. (2000) showed that each of the genotypic classes displays a different phenotypic response to inoculation with a strain of BCMV: (I/I) extreme resistance or immunity, (I/i) hypersensitive reaction, and (i/i) systemic mosaic. The BCMV coat protein was not detected either locally or systemically when the I allele was present. However, increasing the incubation temperature to 34 o C induced a hypersensitive response in plants that carried the I allele and systemic necrosis in half of the homozygotes (I/I) and all of the heterozygotes plants. At the higher temperature, the BCMV coat protein was detectable at the inoculation point and systemically in all I-bearing plants.
Furthermore, Fisher and Kyle (1994) have documented the broad spectrum of specificity displayed by the I locus. Three distinct responses of I-genotypes to a group of related potyviruses have been described: a) a BCMV-like temperature-dependent resistance to the Azuki mosaic virus and Blackeye cowpea mosaic virus isolates of BCMV, Cowpea aphid-borne mosaic virus and Watermelon mosaic virus-2, b) a BCMNV-like temperature-independent development of systemic necrosis elicited by Soybean mosaic virus, and c) complete local and systemic resistance against
Passionfruit woodiness virus-K and Zucchini yellow mosaic virus. Dendrobium mosaic virus has also been added to the BCMV group and falls into the second group (Hu et al., 1995) . Genetic analysis of 2,000 F 3 families have failed to detect a single recombinant among five of these specificities Fisher and Kyle, 1994) . This observation has raised the question of whether the I locus has a single gene with broad spectrum resistance or represents a cluster of resistance genes with suppressed recombination. More intriguing are the reports that I-bearing bean cultivars display more severe disease symptoms, including development of necrosis, than homozygous recessive cultivars when infected with Bean severe mosaic virus (BSMV), a member of the Comoviridae family (Morales and Castaño, 1992; Morales and Singh 1997 ).
Here we describe the construction and alignment of a high resolution linkage map and a physical map of the region comprising the I locus. In addition, we report on a survey of cultivated and wild accessions with a probe derived from the I locus, and show the apparent changes that have taken place during evolution and domestication.
MATERIALS AND METHODS
Plant material and phenotyping at the I locus: A recombinant inbred (RI) family and an F 2 population were used in this project. The RI family of 76 lines has been described elsewhere , and was used here for low resolution mapping. The F 2 population [Calima (ii) x Jamapa (II)] of 3,056 individuals was analyzed for high resolution mapping of the I locus and neighboring marker loci. Parents and F 2 individuals were phenotyped based on their response to inoculation with the potyvirus. Inoculation of homozygous recessive (ii) plants with BCMV causes systemic mosaic, whereas a healthy phenotype results when the dominant allele (I-) is present.
However, development of systemic mosaic can take a significant period of time, and phenotypic classification can sometimes be ambiguous requiring verification through back inoculation tests on a reporter genotype at high temperatures. To increase the efficiency and accuracy of phenotypic classification at the I locus, the F 2 population was inoculated with the NL3 strain of BCMNV. This strain induces necrotic lesions and systemic necrosis within a week after inoculation of plants carrying the dominant allele (I-) ( Figure 1A ), and systemic mosaic in homozygous recessives (ii) ( Figure 1B ). The F 2 population was planted in 72-well trays and germinated in Conviron E15 growth chambers (Conviron, Pembina, ND) at 25/18°C with a 14 h photoperiod. One of the primary leaves of 2-wk old seedlings was rub-inoculated with the NL3 strain of BCMNV. Plants that developed local necrotic lesions 3 to 4 days after inoculation and died of systemic necrosis within 10 days were assumed to be either II or Ii, while plants that survived and developed systemic mosaic were classified as ii.
Genotypes that belong to each of the BCMV differentials described by Drijfhout (1978) 
Isolation of and characterization of BAC ends:
The termini of BAC inserts were cloned into pBlueScript II as described elsewhere (Plyler and Vallejos, 2000) , and were sequenced at the The insert of pBng45 was sequenced, and the following primers were selected with Primer 3.0: Bng45F: 5' CAGACCCATATTTAATCGCTCC 3', and Bng45R: 5' CAAGTGGCCAGTAGCACTAGG 3.' These primers detected co-dominant alleles, and permitted complete genotypic classification ( Figure 1C ). A10 1400 , the RAPD marker amplicon that cosegregated with the I locus was isolated from an agarose gel, cloned into pBlueScript II, and sequenced. The following locus-specific PCR primers were designed and used for segregation analysis: A10 1400 F 5'CAGAATTTTCAACCACTTAGTCTGC 3', and A10 1400 R 5' ).
To maximize the chances of detecting polymorphism between parents of the F 2 population, Calima and Jamapa, PCR primers were designed from regions that flanked putative introns. The locations of introns were deduced from discontinuities in the alignment of the conceptual translation product of the bean sequence with the amino acid sequence entries, and from analysis with "SplicePredictor" trained on Arabidopsis (Xin and Brendel, http://deepc2.zool.iastate.edu/cgi-bin/sp.cgi). The following primers PhgpF (5' ACAGGAACCAGGAAGCAATG 3') and PhgpR (5' TGAACAATTCACACCCGAGA 3') amplified a 1.1-Kb fragment from both Calima and Jamapa.
A 'cleaved amplified polymorphism' (CAP; Konieczny and Ausubel, 1993) between allelic amplicons was detected with PstI.
PCR-based marker analysis was conducted according to the following procedures. Prior to inoculation, leaf disks were removed by punching through with the lid of microcentrifuge tubes.
DNA for PCR analysis was extracted according to Edwards et al. (1991) DNA gel blot analysis of BAC clones was carried out exactly as described by Plyler and Vallejos (2000) , and that of genomic DNA samples as described by Vallejos et al. (2000) . Poly (A) + RNA was isolated as described by Vallejos et al. (2000) , and gel blot analysis was conducted according to Brown and Mackey (1997) .
Segregation and linkage analysis:
The linkage relationships between the I locus and other segregating marker loci were analyzed with Mapmaker Exp. 3.0 (Lander et al., 1987; Lincoln et al., 1992) .
PCR amplification and cloning of TIR-NBS-LRR sequences: BAC terminal sequences
with significant similarities to the TIR, NBS and LRR motifs were aligned (ClustalX; Thompson et al., 1997) with the tobacco N gene (Whitham et al., 1994) , and then merged in silico as a composite sequence. The terminus of the SCAR A10 1400 amplicon that displayed similarity to the amino terminus of the N gene was included in the composite. Primer 3 (Rozen, and Skaletsky, 2000) was used to design PCR primers from the composite sequence. The 5' primer was located upstream from the putative start of translation, and the 3' primer was selected from the most extreme region in the 12 3' end of the composite.
RESULTS
Complete linkage was observed between the I locus and a RAPD marker: Previous low resolution mapping with a recombinant inbred family of 76 lines had detected no recombinants between the I locus and either the marker locus Bng45 or the RAPD marker A10 1400 (Vallejos et al., 2001) . To obtain a more accurate estimate of the map distance between these loci, we analyzed an Mesoamerican genetic complements interacting in the cross. Normal segregation ratios at this locus have been reported for several segregating populations obtained between closely related parents (Ali, 1950; Drijfhout, 1978; Fisher and Kyle, 1994) .
The marker locus Bng45, originally mapped as an RFLP probe (Vallejos et al., 1992) , was converted to a PCR marker to facilitate the screening of a large population ( Figure 1C ). As anticipated, the segregation ratio for this marker also deviated from expected Mendelian ratios: [605 JJ : 778 CJ : 276 CC (P 2 1:2:1 =136.9, P < 0.001)]. A significant deficit of Calima alleles was detected.
However, a contingency test indicated that the frequency of genotypic classes was a reflection of the allelic frequencies (P 2 = 0.84; df = 2). The segregation distortion did not prevent us from detecting a few informative recombinants. Linkage analysis with Mapmaker 3.0 (Lander et al., 1987; Lincoln et al.,1992) , and Allard's Tables (1956) estimated a map distance of 0.22 ± 0.12 cM between I and
Bng45.
RAPD markers usually behave as dominant, and this was the case for the A10 1400 allele of Jamapa. This allelic amplicon was converted into a SCAR marker (Paran and Michelmore, 1993) ,
and was used to screen the entire F 2 population. No recombinants were detected between this SCAR marker and the I locus. The tight linkage detected between I and markers Bng45 and A10 1400 led us to investigate the Kb to cM relationship in this region.
The I locus is associated with a cluster of TIR-bearing sequences: The average relationship between physical and map distances in the common bean has been estimated at 530
Kb/cM (Vallejos et al., 1992) . According to this estimate and results from our high resolution mapping, the physical distance between Bng45 and I should be between 54 and 180 Kb. Although the relationship between physical and map distances is known to vary greatly throughout the genome (Dooner and Martinez-Ferez, 1997; Wei et al., 1999; Fridman et al., 2000) , it is also known that this relationship decreases significantly near the telomeres (Gill and Friebe, 1998) . Given the distal position of the I locus on chromosome 9 (formerly known as Linkage Group D; Pedrosa et al., 2003) , the physical distance between these two loci was expected to be closer to the lower end of the estimated range. At this distance, the construction and alignment of linkage and physical maps appeared feasible.
The P. vulgaris BAC library used in this project was constructed by Vanhouten and Mackenzie (1999) from'Sprite,' a cultivar that carries the dominant allele I. The initial library screen with Bng45 identified two overlapping BAC clones: 12I12 (~110 Kb) and 25P23 (~125 Kb). DNA gel blot analysis confirmed that both clones shared a restriction fragment that hybridized to Bng45, a single copy marker locus. The four termini of these BACs were sub-cloned and used as probes to identify the leading termini of the two-BAC contig (Plyler and Vallejos, 2000) and re-screen the 15 BAC library. The leading terminus of 12I12 produced a hybridization pattern typical of repetitive DNA, and identified a large number of clones in a BAC library screening. A probe from the leading terminus of 25P23 hybridized to a single fragment on genomic DNA gel blots and identified a single BAC clone from the library, whereas the overlapping terminus displayed a hybridization pattern typical of a multigene family on genomic blots. A similarity search in GeneBank with the overlapping terminus using BLASTX (Altschul et al., 1997 ) revealed significant similarity (S = 76; E = 3e -21 ) to the leucine rich repeat (LRR) region of disease resistance genes. In addition, one terminus of the A10 1400 SCAR marker displayed significant similarity (S = 171; E = 6e -41
) to the Toll/Interleukin-1 Receptor (TIR) motif found in several disease resistance genes including the tobacco N gene (Whitham et al., 1994) . These probes hybridized to the same three fragments in both 25P23 and 12I12. Further screening of the BAC library with these probes identified more than 50
clones. The majority of them were confirmed as true positives, as they revealed unique hybridization patterns in DNA gel blots.
The detection of multiple cross-hybridizing BAC clones indicated the presence of a multigene family, but did not provide a clue about their genomic organization. The linkage relationships of members of this family were investigated via segregation and linkage analysis of a small recombinant inbred (RI) family that was generated with the same progenitors of the large F 2 population. DNA gel blot analysis of the RI family with the TIR probe revealed that Jamapa (II) has approximately twice as many fragments as Calima (ii), and that almost all of the TIR-hybridizing Jamapa fragments were co-segregating (Figure 2 ). These results indicated that the I locus was associated with a cluster of TIR-bearing sequences.
The I locus comprises a large cluster of TIR sequences, and exhibits suppression of recombination: Low resolution mapping had indicated that most TIR sequences were co-segregating as a cluster, and this cluster co-segregated with the resistance phenotype. To dissect this cluster and identify informative recombinants that could provide more precise information on the location of the resistance gene, we implemented 'pooled sample mapping' (Churchill et al., 1993) .
To implement this approach, we increased the original 1,659-plant F 2 population to a total of 3,056
plants, assembled pools of eight recessive homozygous (ii) individuals, and analyzed them by genomic gel blot hybridization with the TIR probe. To test the limit of detection of our hybridizations, we used artificial mixtures of Calima (ii) and Jamapa (II) DNAs, and were able to detect Jamapa-specific fragments in mixtures that contained 31 parts Calima DNA and 1 part Jamapa This is the most distal RFLP marker on this end of chromosome 9, and had been mapped to approximately 3.0 cM from Bng45 (Vallejos et al., 1992) . We hybridized the contig BAC clones with Bng17. Both BAC clones 2E24 and 49O08 (not shown) displayed a single Bng17-hybridizing fragment (data not shown) indicating the inclusion of this maker locus in the contig.
Rare recombination events between Bng45 and the TIR cluster within BAC 12I12, and between the cluster and Phgp within BAC 12I2 mark the limits of the I locus. These results show that the I locus comprises a cluster of TIR sequences distributed over a distance in excess of 425 Kb where recombination is suppressed. These results also raise the possibility that one of the TIR sequences in the cluster may be responsible for resistance to BCMV.
TIR sequences in the I-locus display consensus motifs of TIR-NBS-LRR disease
resistance genes: To assess the complexity of the I locus, we examined the terminal sequences of BAC clones from the I-linked contigs. These sequences were obtained by sequencing terminal subclones or by direct BAC-end sequencing. Analysis of BAC termini with BLAST 2.0 (Altschul et al., 1997) revealed significant similarities to either retrotransposon-associated sequences (gag-pol, rt), or to the TIR , NBS or LRR domains found in several R genes (Martin et al., 2003) . Some termini had no match in the GeneBank, were AT rich, and yielded DNA gel blot hybridization patterns typical of repetitive DNA.
To obtain direct evidence about the structural nature of TIR-related sequences in the cluster, we used a PCR strategy (see Materials and Methods section) to amplify and clone a few of these sequences. When individual BAC clones were used as templates in the amplification reactions, amplicons ranging in size from 3.7 to 4.5 Kb were obtained. Ten clones obtained with this approach were sequenced and analyzed. Sequence comparisons identified two groups of four clones each, and two single clone groups. Some of the redundancy is probably due to the fact that overlapping BACs were used as templates. Multiple alignment of the conceptual translation products of these sequences, in the proper frame, with the tobacco N gene showed that they have similar structural organization with the TIR domain at the amino terminus, followed by the NBS domain and the LRR domain at the carboxyl end ( Figure 5 , panels A, B and C). The TIR domains show the three consensus motifs detected in the family of TIR-NBS-LRR disease resistance genes (Meyers et al., 1999) . The TL7923 clone has a deletion of 14 nucleotides that includes the apparent start of translation; however, it is possible that the next methionine at position10 may be used as the start codon. The NBS domain of these sequences carries the three typical functional motifs (P-loop/Kin-1, Kin-2 and the GLPL motifs). Five other motifs can be recognized in the NBS domains: two TIRspecific motifs, the Pre-P Loop and R-NBS-A-TIR, along with the other three motifs found in the NBS superfamily of disease resistance genes: R-NBS-B, -C and -D. Finally, analysis with the Pfam database (Bateman et al., 2004 ) detected several LRR-1 type repeats in the LRR domain. This sequence analysis of contig-derived sub-clones provides evidence that a cluster of genes that belong to TIR-NBS-LRR family of R genes resides within the I locus.
A calculation of the rate of synonymous (Ks) and non-synonymous (Ka) nucleotide substitutions (K-Estimator 6.0; Comeron, 1999) in deduced coding domains of the TL clones depicted in Figure 5 shows that the average Ka/Ks ratio is not uniform throughout the sequences.
While the average ratio of the TIR domains is 0.53 (CV = 14%), that of the NBS domains is 1.38
(CV = 23%). These ratios indicate that the TIR domains are under intense purifying selection, while the NBS domains are under diversifying selection. Ratios were not calculated for the LRR domain because they were not complete sequences, and displayed several indels. Nevertheless, an extensive number of substitutions can be observed.
BCMV-resistant and susceptible bean lines display distinct haplotypes at the I locus:
'Corbett Refugee' was the first bean line carrying the dominant allele at the I locus (Pierce 1934 ).
This line was derived from 'Stringless Green Refugee,' a line associated with the Andean gene pool.
Since then, many breeding programs in the USA and around the world have incorporated that resistance into different breeding lines and cultivars. To test whether lines listed as carrying the dominant resistance possessed similar haplotypes, we selected and analyzed a representative from each of the 11 groups of BCMV differentials identified by Drijfhout (1978) . These differentials have different combinations of recessive resistances and are divided into two major groups based on the allele found at I. Figure 6A shows that all bean genotypes with the dominant allele at I share the same haplotype, while cultivars with a recessive allele have approximately half as many TIRhybridizing fragments as the resistant lines, and display some variation among them. In addition, Figure 6B shows that all I-bearing cultivars share the same Bng45 allele not found in any of the BCMV-susceptible cultivars. These results strongly suggest that all resistant lines ultimately received the resistance allele from a single source. showed that the resistance in BT1 and that derived from 'Corbett Refugee' are allelic. This discovery has led bean breeders and geneticists to formulate the hypothesis that a dominant allele for resistance to BCMV has arisen independently in the Andean and Mesoamerican gene pools. To test this hypothesis, we compared the Pv-TIR hybridization profiles of these two pairs of lines (BT1/BT2 and SGR/CR). Such comparison revealed that 'Corbett Refugee' and 'BT1' shared identical hybridization patterns, which were distinct from those of their susceptible counterparts, 'Stringless Green Refugee' and 'BT2,' respectively ( Figure 7A ). Furthermore, 'Sprite' and 'Jamapa' share the same haplotype as 'Corbett
Refugee' and 'BT1.' Interestingly, 'Sprite,' which was used for the construction of the P. vulgaris BAC library (Vanhouten and Mackenzie, 1999) , is associated with the Andean pool, and 'Jamapa,' the resistant parent used in our mapping population, is a landrace associated with the Mesomerican pool. Once again, the susceptible lines showed simpler but distinct hybridization patterns. To test this hypothesis further, we compared the Bng45 marker locus alleles of lines carrying the dominant allele and found that all have the same alle, while the susceptible lines have one of two other different alleles ( Figure 7B ). These results strongly suggest that the dominant allele arose only once, and most likely in the Mesoamerican gene pool.
The I locus has undergone tandem duplications during evolution and domestication:
Although at present the exact identity of the resistance gene within the I locus is unknown, the number of TIR sequences within the locus could be used as an indicator of its complexity. The susceptibility alleles displayed in Figures 6 and 7 have almost half as many TIR copies as the resistance allele, and therefore appear to be less complex, yet show some variation. To investigate the changes this locus may have undergone during evolution and domestication, we examined the TIR hybridization patterns of a few wild accessions collected between Northern Argentina and
Northwestern Mexico. Figure 8 shows a latitudinal gradient in copy number with increasing complexities in accessions from more northern latitudes. Furthermore, during contig assembly of BAC clones we detected one multiple-copy locus (I) and three independent single copy loci. The presence of only two to three TIR-hybridizing fragments in the South American accessions suggest that ectopic duplications have occurred during the evolution of this gene family. The results presented here indicate that the I locus has undergone considerable expansion during evolution and domestication, and that this TIR family may have also increased through ectopic duplication.
Viral infections induce distinct patterns of I-locus gene expression in susceptible and resistant genoytpes:
Aside from the retrotransposon related sequences, the TIR sequences were the only other coding sequences detected within the I locus via direct BAC-end sequencing or hybridization. To determine whether a member or members of the gene cluster display different patterns of gene expression between the susceptible and resistant beans, and whether the patterns change in response to inoculations with BCMV (NL1) or BCMNV (NL3), we examined the transcript levels of these sequences via RNA gel blot analysis. RNA blots were prepared with poly (A) + RNA isolated from the primary leaves of 10-day old seedlings three days after inoculation. At this time, plants with the dominant allele (Jamapa, II) were just beginning to develop necrotic lesions that were not easily recognizable. Inoculations with sterile water were used as controls.
Hybridizations with the TIR probe showed that transcripts of this gene family accumulated in response to inoculation with BCMV or BCMNV, in both the susceptible and resistant plants ( Figure 9 ). However, BCMNV appeared to exert a stronger effect in both genotypes. The major difference between susceptible and resistant beans was in the number of different transcripts detected 22 in the latter. This transcript diversity could be due to the expression of different family members, the products of alternative splicing, or a combination of both.
Disease resistance mediated by members of the TIR-NBS-LRR class of disease resistance genes, such as the tobacco N gene, require the expression of WRKY, a transcription factor (Chen and Chen, 2000; Liu et al., 2004) . Members of the WRKY superfamily of plant-specific transcription factors are known to be associated with the expression of plant defense responses (Eulgem et al., 2000) . During analysis of BAC-end sequences, we came across a sequence that bore significant similarity (S = 211; E = 6e -53 ) to a member of the WRKY super family of transcription factors. This sequence was detected in a BAC clone containing a sequence for a single copy TIR locus on chromosome 4. RNA gel blot analysis indicated that an approximately 0.8-Kb WRKY transcript accumulated in response to BCMV inoculation, with a stronger effect induced by BCMNV. As a point of reference, we hybridized an RNA gel blot with a mungbean chlorophyll a/b binding protein probe (Thompson et al., 1983) . The CAB transcripts appeared to be at relatively high levels in all samples, except in the bean genotype with the dominant allele (Jamapa, II) inoculated with BCMNV.
Although necrotic lesions were incipient at the time of sampling, transcripts of photosynthesisrelated sequences had begun to disappear. Changes in the level of expression of TIR transcripts in response to inoculations with BCMV and BNMV, and those of the related transcription factor strongly suggest members of the TIR gene family may be involved in the defense response against the BCMV/BCMNV complex.
DISCUSSION
The I locus comprises a cluster of TIR-NBS-LRR sequences: Aligning linkage and physical maps of the I locus and closely linked loci has shown that this resistance locus is relatively large, encompassing more than 450 Kb. Sequence and DNA blot hybridization analyses have also
shown that in addition to several retrotransposon-related sequences, multiple copies of a TIR-NBS-LRR gene family are present within the locus. This raises the possibility that a member of this gene family may be responsible for imparting resistance to BCMV. Moreover, different copies may be responsible for the different resistance specificities detected at this locus. However, even though all the TIR hybridizing fragments detected in genomic DNA blots from 'Sprite' are accounted for in the BAC clones of the assembled contigs, one can not discard the possibility that the resistance phenotype(s) could be controlled by heterologous disease resistance genes present in the locus but not detected so far due to the gap in the physical map, and the lack of a complete sequence of the resistance haplotype.
Comparisons among a few TIR-NBS-LRR paralogs within the I locus showed variation among them. This is in agreement with the general observation that increases in copy number of a given sequence leads to increased sequence diversity (Baumgarten et al. 2003) . However, this pattern of variation was non-random. A gradient of substitutions and indels was detected between the amino and carboxyl ends of the deduced amino acid sequences. The average Ka/Ks ratios indicated that while the TIR domain is under purifying selection, the NBS domain is under diversifying selection. The LRR sequences were incomplete, but clearly showed a much higher degree of variation including several indels. These results clearly point out that at least some of the TIR-NBS-LRR sequences in the locus have been under selection pressure and it is very likely that they play an active role in the defense mechanism. (Dooner and Martínez-Férez, 1997; Okagaki and Weil, 1997) , or severely by hemizygosity, as is the case for the region surrounding the apospory locus in Pennisetum squamulatum (Ozias-Akins et al., 1998; Goel et al., 2003) . The disparity in the number of TIR-hybridizing fragments between the dominant (I ~ 24) and recessive (i ~ 12) haplotypes suggests that perhaps, hemizygosity at this locus may be the cause for suppression of recombination. However, one can't discard the role of inversions as has been documented for the complex Mla locus of barley (Wei et al., 2002) . Future availability of resistance and susceptibility haplotypes may shed light on the underlying mechanism.
Suppression of recombination has been reported not only for disease resistance loci (Chin et al., 2001; Ganal et al. 1989; Van Daelen et al.; Wei et al., 1999) , but for natural populations of Drosophila suboscura (Navarro-Sabate et al. 2003) , the mating-type chromosomes of Neurospora tetrasperma (Merino et al. 1996) , and the evolution of sex chromosomes (Griffin et al. 2002) .
Regardless of the underlying mechanism, the latter examples have demonstrated that suppression of recombination can lead allelic haplotypes to different evolutionary paths, and foster increased diversity at the affected loci.
Thus, the evolution of alleles that are unable to exchange genetic information can be seen in light of the "trench warfare" model for evolution of host-pathogen interactions proposed by Stahl et al. (1999) . According to this model, natural selection maintains a dynamic equilibrium between susceptible and resistant alleles in a population. In fact, the majority of land races of Mexican black beans represent mixtures of plants with either the susceptible and resistant allele at the I locus (J.
Acosta, National Bean Breeding Program of Mexico, personal communication). This has been
clearly documented by Provvidenti (1983) . To understand how selection maintains both alleles in these populations, we can consider the cost of maintaining the resistance allele. While the dominant allele practically confers immunity to BCMV, it becomes a liability to the plant in the presence of BCMNV as this virus induces systemic necrosis leading to the death of the plant. In addition, the dominant allele conditions the plant to develop extreme symptoms when infected with Bean severe mosaic virus (BSMV),a member of the Comoviridae family which has severely affected bean production areas in Central America (Morales and Castaño, 1992; Morales and Singh 1997) . In summary, suppression of recombination at the I locus may represent an adaptive mechanism supporting balancing selection between susceptibility and resistance alleles in land races of Mexican black beans.
The I gene likely arose within the Mesoamerican gene pool: It is very likely that 'Corbett
Refugee' was the ultimate donor of the resistance allele found in 'Sprite,' as is the case for almost all cultivars bred for resistance to BCMV. Thus, it is not surprising to find that 'Sprite' and many other bean cultivars developed in the USA and Europe share similar haplotypes, as detected via TIR hybridization of genomic DNA gel blots. What was surprising was to find that the haplotype of 'Corbett Refugee' was identical to those of 'Jamapa' and 'BT1,' a landrace and a selection from a landrace, respectively, both belonging to the Mesoamerican gene pool. It is widely believed in the Phaseolus community that the resistance derived from 'Corbett Refugee' is of Andean origin because this cultivar was developed "...from a single mosaic resistant plant found in a heavily infected stand of Refugee Green beans" (Pierce, 1935) . The latter is associated with the Andean gene pool. The fact is that Pierce did not develope the resistant line, he simply reported that it was resistant to BCMV, and that Ralph Corbett had produced that line. There is no description in the literature of how this resistant line was generated. The complexity of the haplotype of the resistant allele, and the fact that all resistant beans, associated with either the Andean or Mesoamerican gene pools share the same allele at Bng45, a marker locus tightly linked to I, clearly indicates that the resistance allele originated only once, and most likely in the Mesoamerican gene pool.
From analysis of certain repeats in the phaseolin locus, Kami et al. (1995) concluded that wild P. vulgaris accessions from Northern Peru and the mountainous regions of Ecuador are the most primitive accessions, as they carry the ancestral phaseolin that was present before the divergence of the Andean and Mesoamerican gene pools. G21245 was one of the accession used by Kami et al. (1995) and was included in our analysis. This accession, along with others from Peru and Argentina, display two TIR hybridizing DNA fragments. The fact that we were able to detect four unlinked TIR loci in 'Sprite' indicates ectopic duplications have taken place during the evolution of this species. Furthermore, increasing numbers of fragments observed in northern latitudes, with a maximum observed in the resistant allele, indicate that this gene family has been in an amplification mode, both during evolution and domestication. One possible mechanism for this expansion is unequal crossing over and recombination. This phenomenon has been proposed for clusters of disease resistance genes in tomato (Parniske et al., 1997; Parniske and Jones, 1999) , and proven to occur experimentally with transgenic plants (Jelesko et al., 1999) . 
